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Abstract 
Lower-body physical rehabilitation therapies and technologies are inevitably linked to the sports world. Partial weight-bearing is 
a common measure that accelerates the healing process following lower-body surgeries or fractures. In order to improve the 
compliance with this method, a smartphone application was developed. It provides the user with an audible and haptic 
biofeedback alarm when a predefined threshold is reached by the pressure sensors’ data of a pair of instrumented insoles. The 
preliminary results show that the alarm functionality works in accordance with the stipulations. The biofeedback also appears to 
have a positive effect on the amount of steps under the target weight. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Partial weight-bearing (PWB) is a commonly employed therapy to rehabilitate patients after certain lower-body injuries [1]. It 
consists of instructions to bear a certain amount of weight on the operated extremity during ambulation processes [2 - 4]. Studies 
have shown that this kind of treatment is beneficial for the healing process after certain hip operations, knee surgeries, and 
fractures in or around the joints of the legs and for amputation patients [5]. Sports-related injuries could be also treated with this 
method. PWB offers a unique and balanced way, which promotes bone growth and healing while protecting the injury site and 
surgical constructions around it. This provides the patient with an optimized rehabilitation process that reduces the healing time 
and allows a quicker re-establishment of normal gait [6]. The loading of the affected limb is restricted based on the concern that 
excessive weight applied to the injured side could cause the implant to fail, disturbing the fracture’s stability and alignment [1]. 
High strain placed on the affected extremity may lead to deformation or breakage of the surgical construction. However, 
repetitive loading above a certain level is the main concern regarding implant failure [7].  
The need to find a sweet spot that grants an optimized curing course while minimizing the chance of implant failure and 
complications during the rehabilitation procedure is the justification for the partial weight-bearing method usage. A progressive 
protocol of weight-bearing as the healing process advances is a common clinical practice, being the most common instructions 
defined as touch-down weight bearing (around 10kg or 10% - 20% of body weight), partial weight-bearing (35kg or 20-50% of 
bodyweight) and weight bearing as tolerated, which is regulated by the patient accordingly to the perceived pain [8, 9]. The 
health care specialist has to evaluate the progress of the patient´s injury and progressively reduce weight-bearing restrictions 
accordingly by showing the subjects what the objective load feels like [10]. Several techniques have been tried in the pursuit of 
this goal, verbal instructions and the use of bathroom scales being the most common [2]. Most of these methods have been 
shown to have a poor outcome in regards to the ability of the patient to reproduce the weight-bearing protocol [11 - 13]. 
Providing the patient with real-time biofeedback is an approach that has a positive and superior outcome compared to the 
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classical methods in tests performed in clinical conditions or rehabilitation centres. However, the majority of studies determine 
that a crucial aspect in the success of the limited weight-bearing method is giving the patients a possibility to quantify the 
asymmetrical loading outside of a clinical environment, since the largest part of the rehabilitation process occurs after discharge 
from the clinic and patients have been shown to be unable to reproduce the weight-bearing pattern even after short periods of 
time [11, 14]. 
 
 
Figure 1: (A) eSHOE insoles and embedded electronics. (B) Splash screen of the Android application. 
The eSHOE insoles are a mobile gait analysis system based on an instrumented shoe insole that was developed by the Central 
European Institute of Technology (CEIT RALTEC, Schwechat, Austria) in collaboration with the University of Applied Sciences 
Technikum Wien [15 - 18]. The system is comprised by two orthopaedic insoles with a built-in embedded system which includes 
pressure, acceleration forces, angular acceleration sensors and a magnetometer. The relevant pressure sensors of the eSHOE in 
the scope of this work are the four A401, Tekscan sensitive resistor sensors (FSR) that measure the pressure under the heel, the 
first and fifth metatarsal heads and the big toe. The device transmits the sensor data via Bluetooth using a KC22.6, KC Wirefree 
module.  
 
In this work, a solution that supports the PWB therapy and improves the patient’s compliance was developed. Taking all of the 
previously mentioned factors and considerations into account, an application that could be installed on a smartphone and which 
would process data wirelessly transmitted from the eSHOE (Figure 1, A and B) insoles’ pressure sensors seemed to cover the 
needs of providing the patients with a system that generates real time biofeedback on their partial weight-bearing performance, 
both in- and outside of a clinical environment. The developed system was also preliminary tested with a feasibility study in order 
to obtain a first impression of its performance. 
2. Methods 
Structure of the live-feedback system 
 
The system was developed to provide a cheaper and more user-friendly solution for two common problems when prescribing 
PWB. These are the learning process of the PWB method and the low compliance problem that most of the patients present after 
discharge from a rehabilitation centre. It consists of the eSHOE instrumented insoles and a smartphone application that provides 
its users with feedback when a threshold pressure on a lower limb is reached. The measurement software was developed in Java 
for the Android 3.0 operating system and uses Android Studio [19]. This setting allows it to run on approximately 80% of the 
Android running smartphones that are available as of May, 2015 as well as all devices that have been produced since December, 
2011.  
A schematic representation of the signal acquisition, processing and program output of the Android application is shown in 
Figure 2. The values delivered by the FSR sensors are sent via Bluetooth to an Android device running the application. Upon 
retrieval, it is analysed in order to determine whether the read data is valid. Then the data is fed into three main functions which 
analyse and graphically represent the received values, as well as trigger the haptic and sound alarms in case the sum surpasses the 
selected threshold value. In order to assure high compatibility, the software was tested on three devices that represent two 
broadly distributed forms of handheld devices: SII and S4 Samsung smartphones and a Nexus 10 tablet, all of which featured 
different Android versions (SII: 4.1, S4: 5.0, Nexus 10: 5.1). 
 
Feasibility study of PWB with live-feedback 
 
Three young male subjects (S1: 26yo., 1.81m, 83kg, S2: 22yo., 1.84m, 88kg, S3: 21 yo., 1.71m, 70kg) tested the novel live-
feedback system. The measurements were carried out with Medilogic (T & T Medilogic Medizintechnik GmbH, Schönefeld, 
Germany) and eSHOE insoles simultaneously, the first placed over the latter. The subjects wore both systems in their shoes 
during all trials. The data from the Medilogic insoles was used to quantify the load and the data gathered by the developed 
application was used to provide live-feedback.  
 
A total of 90 steps were recorded under 3 conditions (30 steps each). Under the first one (C1), the subjects walked with a self-
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selected speed without crutches. Then the subjects were shown with the help of a force plate how it feels to load the left leg with 
20kg. When the subjects were ready to continue, the second condition (C2) was tested, in which the subjects walked trying to 
apply 20kg of load on the left leg with the help of a pair of arm crutches. Lastly, under the third condition (C3) the steps were 
recorded under the same conditions as C2 but providing the subjects with haptic and audible real-time feedback from the 
smartphone application connected to the eSHOE insoles whenever the prescribed load was exceeded. The data was analysed 
using Matlab (The Mathworks, Inc., Natick, Massachusetts, USA). 
 
 
 
Figure 2: Schematic representation of the data handling and processing in the developed live-feedback system 
3. Results 
Live-feedback system 
 
The developed mobile smartphone application features a simple user interface that presents a bar chart showing the real-time 
load applied on each foot. All implemented functions were designed to cover and fulfill the needs and expectations that physical 
therapists expressed in the reviewed literature [5, 9, 20]. The displayed value is the sum of the individual pressures applied on the 
four sensors. The program plots the individual sensor values above the bar representing the sum of them. 
 
 
Figure 3: Screenshots of the Android application. Threshold of 20% set for the left leg. Threshold alarm not triggered (Left), Threshold alarm (haptic and/or 
audible) triggered (Right). 
A threshold can be set either manually (by selecting the value and side) or by pressing a soft button on the user interface that sets 
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the threshold as the actual value of the foot on which less pressure is applied. In order to correlate the sensor pressure sum value 
with the prescribed partial weight-bearing load, a physical therapist has to place the patient’s injured limb on a bathroom scale or 
force plate and meet the stipulated load. Whenever the selected threshold value is reached, the smartphone emits an alarm 
consisting of vibration and/or sound to warn the user about this event (Figure 3). This can be set accordingly to the user’s needs 
in the settings of the application. The purely negative feedback scheme has been shown to be easily understood by patients [14]. 
The current threshold value is shown on the graphical interface as a horizontal line on the monitored side.  
 
The physical therapist operating the application should be aware of the overshoot phenomenon described by Warren and 
Lehmann [20], which is attributed to the physiologic response time of 150 to 250 milliseconds. It implies that the patient 
continues to increase the load on the limb for this amount of time after the alarm is triggered, thus making it necessary to adjust 
the threshold value a bit lower to compensate for the extra loading. 
The application does not shut down when the user locks the screen; feedback continues to be provided in this situation, allowing 
the patient to carry on with daily life activities or when using two crutches or a walker. The screen light is set to stay on all the 
time (except for when the lock button is clicked) so that the device can be placed somewhere else allowing the patient or physical 
therapist to execute tasks that require both hands while still being able to get the visual feedback on the current pressure being 
applied. 
 
Results of the feasibility study 
 
The results of the feasibility test of the developed system are presented in Figure 4. The graphics show the values gathered by the 
Medilogic insoles for the mean, maximal and minimal loads applied on the left foot through the 30 steps done by each subject. 
Condition C1 is not represented to allow for a better visualization of the relevant conditions C2 and C3. The bold dash-dotted 
pattern line shows the mean values recorded during C2, in which the subjects tried to load the leg with just 20kg. The data 
recorded under C3, in which the developed application provided the subjects with live-feedback is displayed by the solid line. 
The thinner lines above and under the bold ones represent the maximal and minimal values that were recorded under each of the 
conditions. In our case, this information is considered to be more significant than the standard deviation. A single step loaded too 
high can be dangerous to the surgical construct, while too low loads are not optimal for the healing process. This information is 
lost when using the usual mean ± standard deviation representation, so the maximal and minimal loads were chosen instead. 
 
 
Figure 4: Mean data gathered by the Medilogic insoles from each subject’s left leg under each of the two significant conditions C2 and C3. The lighter lines are 
the maximal and minimal loads registered instead of the usual standard deviation, as this significant information is otherwise lost, as described in the text.    
Dash-dotted line: with partial weight-bearing (PWB) and without live-feedback (FB), solid line: with PWB and FB. The target load under the PWB conditions 
was 20kg for the left leg. 
It is to be noted that the only condition under which the subjects managed to maintain their compliance with the prescribed 
maximal load of 20kg was C3. Under C2, the target load was exceeded by more than 10kg. This data preliminarily shows that the 
developed system works as intended and that by using it, subjects’ compliance with the partial weight-bearing method appears to 
be better. 
 
 Without live-feedback (C2) With live-feedback (C3) C3/C2 
Nº. steps over 
20kg 
Maximal load 
[kg] 
Nº. of steps 
over 20kg 
Maximal load 
[kg] 
Nº. steps over 
20kg (%) 
Maximal load 
(%) 
S1 24 54.2 3 21.6 12.5 39.9 
S2 23 43.7 6 31.2 26.1 71.4 
S3 27 39.8 24 35.2 88.9 88.4 
Table 1: Number of steps (out of a total of 30) above the target load of 20kg and maximal load applied by the subjects under conditions 2 and 3. 
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As shown in Table 1, the maximum load after the partial weight-bearing training with a target load of 20kg but without feedback 
(C2) was of 54.2kg for S1, 43.7kg for S2 and 39.8kg for S3. With feedback (C3) it was of 21.6kg for S1, 31.2kg for S2 and 
35.2kg for S3. The mean load largely remained under 20kg for S1 and S2 and in the case of S3 it was lower than under C2. The 
amount of steps over 20kg under C3 was 77.5% lower when compared to C2 for S1, 73.9% for S2 and 11.1% for S3. The 
maximal load applied on the left foot when comparing C3 to C2 was 39.9% for S1, 71.4% for S2 and 88.4% in the case of S2. 
4. Discussion 
Partial weight bearing is a well-documented and tested technique commonly prescribed to lower extremity surgery and trauma 
patients. A limitation that it presents is patient compliance. Subjects who are taught this method have been shown to be unable to 
effectively reproduce the prescript loading pattern when applying the conventional partial weight-bearing teaching methods (i.e. 
manual examination and the usage of bathroom scales) [11, 13, 14]. These studies also concluded that providing the patients with 
constant biofeedback augmented and optimized the compliance with the prescribed weight. However, most of the systems that 
offer this functionality are expensive, intricate and invasive. This fact might not be detrimental in a clinical setting, as a physical 
therapist operates and supervises the device´s application. Nevertheless, patients spend most of the rehabilitation process away 
from the rehabilitation facilities and it has been concluded that further use of the biofeedback systems at home would be optimal 
in regards to shortening the healing process and improving the overall outcome of the injury rehabilitation. A study showed that 
patients walked more as well as loaded the injured leg over the prescribed weight more frequently in a home setting than before 
discharge. It was concluded that only 27% of the steps were within an acceptable range in a follow-up measurement two weeks 
after discharge [8]. 
 
In order to address this issue, a biofeedback Android application that processes data gathered from the eSHOE insole system was 
designed and developed. It presents the user with a graphic interface that shows the real-time pressure sensors’ data for both 
limbs in a bar diagram. A threshold value that triggers an audible and haptic alarm when reached can be programmed. The 
threshold value has to be set up by a physical therapist by placing the patient’s injured limb on a bathroom scale or force plate 
and observing what sensor pressure sum value corresponds to the prescribed partial weight-bearing load. The application could 
also record data and send it to the physical practitioner’s computer to be evaluated. After this process, corrections could be 
assigned without the need for the patient to visit the rehabilitation clinic or hospital. Furthermore, with some added 
implementations, the program could automate this process and find the appropriate adjustments with an algorithm, giving the 
patient a real-time assessment on his partial weight-bearing performance. 
The load data is gathered from the eSHOE system, which is portable and unobtrusive. It consists of two orthopedic instrumented 
insoles that can be placed inside of any shoe. The captured data is sent to the smartphone via Bluetooth. The application can also 
provide solely vibrotactile feedback, allowing the user to use the system both at home and in public. Furthermore, the whole 
system is cheap, as the eSHOE insoles cost around € 700 to produce and Android devices, when not already possessed by the 
patients, can be acquired for as low as € 100. This places the overall cost of the granted solution well below other commonly 
used biofeedback systems such as the SmartStep (Andante Medical Devices, Inc., New York, USA), which costs approximately 
€ 5000 [11]. These properties make the solution presented in this paper suitable for usage inside and outside of clinical 
environments, which could lead to a higher compliance of users with the weight bearing restrictions. 
 
The feasibility study which was conducted to make a first evaluation of the developed system delivered satisfactory results. The 
use of the live-feedback feature largely reduced the number of steps loaded above the 20kg target load. In order to evaluate the 
partial weight-bearing, not only the mean load, but also the amount of steps that stay short of the threshold or are loaded over 
150% of it, is important. A large number of steps done loading the limb right over the threshold weight could lead to the same 
complications as loading the leg with the patient’s full weight occasionally. Not reaching the prescribed weight could also be 
detrimental to the healing process. Only assessing the mean load applied on the injured limb puts the patient at risk, as neither of 
the partial weight-bearing technique’s objectives could be met, as even though the mean could add up to the prescribed load, a 
combination of light and too heavy steps accounts for a suboptimal healing process and a higher chance of injury and/or failure 
of the surgical construct. By using the live-feedback function, the number of steps over the threshold was drastically reduced and 
the maximal load was reduced by more than 10kg in the case of subjects 1 and 2. This is a positive outcome, as the most 
considerable risk after lower body injuries comes from repeated loading above a tolerance value, which can lead to a fatigue 
failure [21] of the surgical construct.  
The general impression provided by the feasibility study was that the developed system is a good solution as a compliment to the 
PWB technique, which was the objective of this work. There are currently plans on conducting a study with healthy students in 
order to get more conclusive data as well as to correct any bugs or implementation errors. Later, a clinical study with patients 
will also be conducted in order to test the developed system’s feasibility and acceptance. The results of this work will be 
presented on the 12th conference of the International Sports Engineering Association, ISEA 2017. 
5. Conclusion 
The developed system is highly portable, non-intrusive, cheap and uncomplicated to use. Apart from the real-time biofeedback it 
also permits the user to record and analyze gait processes. The system could be used to teach injured athletes the partial weight 
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bearing method and provide them with real time biofeedback after discharge, during their activities of daily living. With minor 
changes it could be applied to sports or conditions where the feet have to be loaded in a specific manner, like in fencing or darts. 
The preliminary results show that the threshold alarm functionality works according to the stipulations. The biofeedback also 
appears to have a positive effect on the number of steps loaded under the target weight. However, clinical research with larger 
number of subjects has yet to be conducted to validate this novel biofeedback system in order to make it readily available to 
athletes. 
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